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CONTROL CIRCUIT HAVING SIGNAL
PROCESSING CIRCUIT AND METHOD FOR
DRIVING THE CONTROL CIRCUIT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a signal processing cir-
cuit, a driving method of the signal processing circuit, and
a control circuit, and particularly relates to a control circuit
which can stop supply of power to a signal processing
circuit.

2. Description of the Related Art

In recent years, a reduction in power consumption of an
clectronic device has been highly required. To reduce power
consumption of an electronic device, operation of each logic
circuit 1s controlled 1n accordance with an operative state of
a control circuit.

One of drniving methods for reducing power consumption
of a control circuit 1s called power gating. In the power
gating, 1n a period during which a control circuit does not
need to perform arithmetic processing, supply of electric
power to part of the control circuit (e.g., arithmetic unit) 1s
stopped to prevent waste of power (Patent Document 1).

REFERENC.

L1l

Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2009-116851

SUMMARY OF THE INVENTION

However, 1n the case where a load 1n a power supply
circuit illustrated 1n FIG. 3 1s variable, for example, at the
time of sending a signal from a signal processing circuit,
which 1s part of a control circuit, to a pulse width modulator,
a signal fed back to the control circuit 1s not constant
because of the variation in load; accordingly, an output
signal of the control circuit, which 1s driven from a ditler-
ence between a voltage of a reference signal and a voltage
of the fed-back signal, 1s not constant. As a result, power for
arithmetic processing must be supplied to the control circuit
all the time.

Further, even when a static load without a variation or
with an extremely small variation (a load which can main-
tain a state where a constant voltage and a constant current
are applied or a state where their variation 1s extremely small
during operation, e.g., light emitting diode (LED) lighting or
organic light emitting diode (OLED) lighting) 1s operated by
an extremely low current, a control circuit keeps consuming
power as long as a current i1s supplied from a power supply
to the control circuit. Thus, power consumed by the control
circuit cannot be sufliciently reduced even 1n such a case.

In view of the above problems, an object of one embodi-
ment of the disclosed invention 1s to provide a signal
processing circuit which consumes less power and outputs a
stable output signal. Another object 1s to provide the signal
processing circuit to reduce power consumption ol a control
circuit.

In one embodiment of the present invention, a control
circuit includes at least a signal processing circuit and a
pulse width modulator. Data 1s retained 1n a storage circuit
in the signal processing circuit, and then power supply to
part of a signal processing circuit which 1s not being used 1s
stopped. A specific configuration will be described below.
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One embodiment of the present invention 1s a signal
processing circuit including an analog-to-digital converter
(heremafiter referred to as an AD converter) and a processor.
The processor includes an arithmetic processing unit and a
first register. A reference signal and a feedback signal output
from a load are 1nput to the AD converter. An output signal
of the AD converter and an output signal of the first register
are input to the arithmetic processing unit. An output signal
of the arithmetic processing unit 1s iput to the first register.

One embodiment of the present mvention 1s a control
circuit including a signal processing circuit and a pulse
width modulator. The signal processing circuit includes an
AD converter and a processor. The processor includes an
arithmetic processing unit and a first register. The pulse
width modulator includes a digital pulse width modulator
including a second register, and a clock generation circuit. A
reference signal and a feedback signal output from a load are
mput to the AD converter. An output signal of the AD
converter and an output signal of the first register are input
to the arithmetic processing unit. An output signal of the
arithmetic processing unit 1s input to the first register and the
second register which 1s included 1n the digital pulse width
modulator. A signal generated by the clock generation circuit
1s input to the digital pulse width modulator. The load 1s 1n
a state where a constant voltage and a constant current are
applied when an output of the first register 1s constant.

In the above configuration, at least part of the processor
preferably includes a transistor whose channel region 1s
formed using a semiconductor material having a band gap
wider than that of silicon.

Another embodiment of the present invention 1s a signal
processing circuit including a trans conductance amplifier
(heremafiter referred to as a Gm amplifier) and a latch circuit.
The latch circuit includes a transistor, a gate input terminal,
and a phase compensation holding circuit. The transistor
contains a semiconductor material whose band gap 1s wider
than that of silicon 1n a channel region. A reference signal
and a feedback signal output from a load are input to the Gm
amplifier, and an output signal of the Gm amplifier 1s 1nput
to one of a source and a drain of the transistor. A gate of the
transistor 1s electrically connected to the gate input terminal
and the other of the source and the drain of the transistor 1s
clectrically connected to the phase compensation holding
circuit.

Another embodiment of the present invention 1s a control
circuit including a signal processing circuit and a pulse
width modulator. The signal processing circuit includes a
Gm amplifier and a latch circuit. The latch circuit includes
a transistor, a gate iput terminal, and a phase compensation
holding circuit. The pulse width modulator includes a com-
parator and a triangle wave generator. The transistor con-
tains a semiconductor material whose band gap 1s wider than
that of silicon 1n a channel region. A reference signal and a
teedback signal output from a load are input to the Gm
amplifier and an output signal of the Gm amplifier 1s 1nput
to one of a source and a drain of the transistor. A gate of the
transistor 1s electrically connected to the gate input terminal
and the other of the source and the drain of the transistor 1s
clectrically connected to the phase compensation holding
circuit and the comparator. A signal generated by the triangle

wave generator 1s input to the comparator.

In the above configuration, the load may be LED lighting
or OLED lighting.

In the above configuration, the semiconductor material
whose band gap 1s wider than that of silicon 1s preferably an
oxide semiconductor.
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In the above configuration, the transistor whose channel
region 1s formed using an oxide semiconductor preferably
shows an ofl-state current per channel width of lower than
or equal to 1x10™"" A/um.

With such a configuration, an output signal of a signal
processing circuit can be stable and power consumption of
the signal processing circuit can be reduced. Further, power
consumption of a control circuit can be reduced by provision
of the signal processing circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a control circuit.

FIG. 2 1s a block diagram of a control circuit.

FIG. 3 1illustrates an example of a power supply circuit.

FIG. 4 1s a cross-sectional view of a transistor which can
be used.

FIGS. 5A to 5D illustrate a method for manufacturing the
transistor illustrated in FIG. 4.

FIG. 6 1s a graph showing characteristics of a transistor
including an oxide semiconductor.

FIG. 7 1s a diagram of a circuit for evaluating character-
istics of a transistor including an oxide semiconductor.

FIG. 8 15 a timing chart for evaluating characteristics of a
transistor including an oxide semiconductor.

FIG. 9 1s a graph showing characteristics of a transistor
including an oxide semiconductor.

FIG. 10 1s a graph showing characteristics of a transistor
including an oxide semiconductor.

FIG. 11 1s a graph showing characteristics of a transistor
including an oxide semiconductor.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Hereinafter, embodiments of the present invention will be
described 1n detail with reference to the accompanying
drawings. Note that the present mvention 1s not limited to
the description below, and 1t 1s easily understood by those
skilled 1n the art that a variety of changes and modifications
can be made without departing from the spirit and scope of
the present invention. Accordingly, the invention should not
be construed as being limited to the description of the
embodiments below.

Note that functions of the “source” and “drain” may be
switched 1n the case where transistors of different polarities
are employed or 1n the case where the direction of a current
flow changes 1n a circuit operation, for example. Thus, the
terms “‘source” and “drain” can be replaced with each other
in this specification.

The term “electrically connected” includes the case where
components are connected through an *“object having any
clectric function”. There 1s no particular limitation on an
object having any electric function as long as electric signals
can be transmitted and received between the components
connected through the object.

The position, size, range, or the like of each component
illustrated 1n drawings and the like 1s not accurately repre-
sented 1n some cases for easy understanding. Thus, the
disclosed imnvention 1s not necessarily limited to the position,
s1ze, range, and the like 1n the drawings and the like.

Ordinal numbers such as “first”, “second”, and “third” are
used 1n order to avoid confusion among components.

In this specification, a term “parallel” indicates that the
angle formed between two straight lines 1s greater than or
equal to —10° and less than or equal to 10°, and accordingly
also includes the case where the angle 1s greater than or
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equal to -5° and less than or equal to 5°. In addition, a term
“perpendicular” indicates that the angle formed between two

straight lines 1s greater than or equal to 80° and less than or
equal to 100°, and accordingly includes the case where the
angle 1s greater than or equal to 85° and less than or equal

to 95°.

Embodiment 1

In this embodiment, a control circuit 100 of one embodi-
ment of the present invention will be described with refer-
ence to FIG. 1.
<Example of Circuit Configuration>

FIG. 1 1s a block diagram of the control circuit 100.

The control circuit 100 includes a signal processing
circuit 120 and a pulse width modulator 220. The signal
processing circuit 120 includes an AD converter 102 and a
processor 150. The processor 150 includes an arithmetic
processing umt 104 and a register 106. The pulse width
modulator 220 1ncludes a digital pulse width modulator 204
including a register 202, and a clock generation circuit 206.

The AD converter 102 1s electrically connected to a
wiring to which a reference signal Ref i1s mput, a wiring
supplied with a feedback signal FB output from a load which
1s 1n a state where a constant voltage and a constant current
are applied when an output of the register 106 1s constant,
and the arithmetic processing unit 104. An output signal of
the arithmetic processing unit 104 1s input to the register 106
and the register 202. A signal generated by the clock
generation circuit 206 1s mput to the digital pulse width
modulator 204. An output signal of the digital pulse width
modulator 204 1s mput to an output terminal 230 (corre-
sponding to GS 1n the power supply circuit illustrated 1n
FIG. 3) of the control circuit 100.

Further, a register such as an accumulator which retains
data, an address register which 1s used to specily an address
for accessing a memory, or a program counter which 1ndi-
cates an address of a main memory storing an instruction
which 1s to be executed next can be connected as appropriate
depending on the intended use.

The reference signal Ref 1s output from a reference
voltage generation circuit (not illustrated).

A transistor included 1n at least part of the processor 150
(c.g., the register 106) preferably has an extremely low
ofl-state current (leakage current) per channel width of less
than or equal to 1x10™"” A/um. For example, a transistor
whose channel region 1s formed using an oxide semicon-
ductor, which 1s a wide band gap semiconductor, 1s prefer-
ably used.

Since the ofl-state current of the atforementioned transistor
1s extremely low, when the output signal of the arithmetic
processing unit 104 1s retained and then the transistor i1s
turned ofl, a potential of the output signal of the arithmetic
processing unit 104 can be kept constant or almost constant.
Accordingly, accurate data can be retained in the register
106, for example.

Note that a semiconductor having a band gap greater than
or equal to 2 eV, preferably greater than or equal to 2.5 eV,
more preferably greater than or equal to 3 eV 1s used as the
wide band gap semiconductor.

Data 1s retammed in a node FN which 1s electrically
connected to one of a source and a drain of the transistor
whose channel region 1s formed using the oxide semicon-
ductor which 1s the wide band gap semiconductor, and which
exists 1n a tloating state when the transistor 1s turned ofl. As
mentioned above, the off-state current of such a transistor 1s
extremely low. Thus, when the transistor i1s turned off, the
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potential of the node FN can be kept constant or almost
constant. Consequently, data can be accurately retained 1n
the control circuit.

The energy gap of an oxide semiconductor 1s greater than
or equal to 3.0 €V, which 1s much larger than the band gap
of silicon (1.1 V).

The off-resistance of the transistor (resistance between the
source and the drain when the transistor 1s in an off state) 1s
inversely proportional to the concentration of carriers ther-
mally excited 1n a semiconductor film where a channel
region 1s formed. Since the band gap of silicon 1s 1.1 €V in
the absence of carrier caused by a donor or an acceptor (1.€.,
in the case of an intrinsic semiconductor), the concentration
of thermally excited carriers at room temperature (300 K) 1s
approximately 1x10"" cm”.

On the other hand, 1n the case of a semiconductor whose
band gap 1s 3.2 eV (an oxide semiconductor, here), the
concentration of thermally excited carriers 1s approximately
1x10~7" cm™ at room temperature. When the electron mobil-
ity 1s the same, the resistivity 1s inversely proportional to the
carrier concentration; thus, the resistivity of the semicon-
ductor whose band gap 1s 3.2 eV 1s 18 orders of magnitude
higher than that of silicon.

To demonstrate an “extremely low ofl-state current” of a
transistor whose channel region 1s formed using the oxide
semiconductor which 1s the wide band gap semiconductor,
measurement results of the ofl-state current of a transistor
including a highly purified oxide semiconductor will be
described.
<Measurement of Off-State Current of Transistor Using
Oxide Semiconductor>

First, a transistor with a channel width W of 1 m, which
1s sulliciently wide, was prepared 1n consideration of the
very low ofl-state current of a transistor including a highly
purified oxide semiconductor, and the ofl-state current was
measured. FIG. 6 shows the results obtained by measure-
ment of the off-state current of the transistor. In FIG. 6, the
horizontal axis shows gate voltage V., and the vertical axis
shows drain current I,,. In the case where the drain voltage
V,1s +1 V or 410 V and the gate voltage V . 1s 1n a range
of =5 V to =20 V, the ofl-state current of the transistor 1s
found to be lower than or equal to 1x107'* A which is the
detection limit. Moreover, 1t 1s found that the ofl-state
current of the transistor (per unit channel width (1 um)) 1s
lower than or equal to 1 aA (1x107'° A).

Next, the results obtained by more accurately measure-
ments of the ofl-state current will be described. As described
above, the ofl-state current of the transistor including a
highly purified oxide semiconductor 1s found to be lower
than or equal to 1x10™'* A which is the detection limit of the
measurement equipment. Thus, an element for characteristic
evaluation was prepared, and the off-state current was mea-
sured more accurately.

First, the element for characteristic evaluation used for the
measurement will be described with reference to FIG. 7.

Note that mn a circuit diagram in this specification, a
transistor including an oxide semiconductor 1s denoted by a
symbol “OS8”.

In the element for characteristic evaluation shown in FIG.
7, three measurement systems 800 are connected 1n parallel.
The measurement system 800 includes a capacitor 802, a
transistor 804, a transistor 805, a transistor 806, and a
transistor 808. In the transistor 804, the transistor 805, the
transistor 806, and the transistor 808, a highly purified oxide
semiconductor was employed.

In the measurement system 800, one of a source and a
drain of the transistor 804, one terminal of the capacitor 802,
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and one of a source and a drain of the transistor 805 are
electrically connected to a power source (for supplying V,).
The other of the source and the drain of the transistor 804,
one of a source and a drain of the transistor 808, the other
terminal of the capacitor 802, and a gate of the transistor 8035
are electrically connected to one another. The other of the
source and the drain of the transistor 808, one of a source
and a drain of the transistor 806, and a gate of the transistor
806 are clectrically connected to a power source (for sup-
plying V,). The other of the source and the drain of the
transistor 803 and the other of the source and the drain of the
transistor 806 are electrically connected to each other to
provide an output terminal.

A potential V__, ,, for controlling an on state and an off
state of the transistor 804 is supplied to the gate of the
transistor 804. A potential V__, ,, for controlling an on state
and an off state of the transistor 808 is supplied to the gate
of the transistor 808. A potential V, . 1s output from the
output terminal.

Next, a method of current measurement with the use of
the element for characteristic evaluation will be described.

First, an initial period in which a potential difference 1s
applied to measure the ofi-state current will be described. In
the initial period, the potential V__, ., for turning on the
transistor 808 is input to the gate of the transistor 808.
Accordingly, the potential V, 1s supplied to a node N5 that
1s electrically connected to the other of the source and the
drain of the transistor 804 (that 1s, the node electrically
connected to one of the source and the drain of the transistor
808, the other terminal of the capacitor 802, and the gate of
the transistor 803). Here, the potential V, 1s, for example, a
high potential. The transistor 804 1s off.

After that, the potential V__, ,, for turning ofl the tran-
sistor 808 is input to the gate of the transistor 808 so that the
transistor 808 1s turned ofl. After the transistor 808 1s turned
ofl, the potential V, 1s set to low. Still, the transistor 804 1s
ofl. The potential V, 1s the same potential as V, (that 1s, the
potential V, 1s set to low). Thus, the imtial period 1s
completed. At this time, a potential difference 1s generated
between the node NS and one of the source and the drain of
the transistor 804, and also, a potential difference 1s gener-
ated between the node N3 and the other of the source and the
drain of the transistor 808. Thus, a current tlows slightly
through the transistor 804 and the transistor 808. That 1s, the
oil-state current flows.

Next, a measurement period of the off-state current is
described. In the measurement period, the potential (that is,

V,) of one of the source and the drain of the transistor 804
and the potential (that 1s, V) of the other of the source and
the drain of the transistor 808 are set to low and fixed. On
the other hand, the potential of the node N5 1s not fixed (the
node N5 1s 1n a floating state) in the measurement period.
Accordingly, a current flows through the transistor 804, and
the amount of electric charge stored in the node NS 1s
changed as time passes. The potential of the node N5
changes depending on the change 1n amount of electric
charge stored in the node NS. That 1s to say, the output
potential V_ . of the output terminal also varies.

FIG. 8 shows details (a timing chart) of the relation
among potentials 1n the nitial period in which the potential
difference 1s generated and those in the subsequent mea-
surement period.

In the mmtial period, first, the potential V__, ,, 1s set to a
potential (high potential) at which the transistor 804 is
turned on. Thus, the potential of the node N5 becomes V ,,
that 1s, a low potential (V..). Note that a low potential (V o)
1s not necessarily supplied to the node N5. After that, the
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potential V__, ,, 1s set to a potential (low potential) at which
the transistor 804 is turned off, whereby the transistor 804 is
turned ofl. Next, the potential V__, ,, 15 set to a potential
(high potential) at which the transistor 808 is turned on.
Thus, the potential of the node N5 becomes V,, that 1s, a
high potential (V). After that, the potential V_,, ,, 15 set
to a potential at which the transistor 808 is turned ofl.
Accordingly, the node N5 1s brought into a floating state and
the mitial period 1s completed.

In the following measurement period, the potential V,; and
the potential V, are individually set to potentials at which a
current flows to or from the node NS. Here, the potential V,
and the potential V, are low potentials (V o). Note that at the
time of measuring the output potential V, ., 1t 1s necessary
to operate an output circuit; thus, V, 1s set to a high potential
(V »5) temporarily. The period in which V, 1s a high poten-
tial (V) 1s set to be short so that the measurement 1s not
influenced.

When the potential difference 1s generated and the mea-
surement period 1s started as described above, the amount of
clectric charge stored 1n the node N5 changes depending on
time, which changes the potential of the node N3. This
means that the potential of the gate of the transistor 805
vartes and thus, the output potential G, of the output
terminal also varies with the lapse of time.

A method for calculating the ofl-state current on the basis
ol the obtained output potential V___ will be described below.

The relation between a potential V.. of the node NS and
the output potential V.., 1s obtained 1n advance before the
ofl-state current 1s calculated. With this relation, the poten-
tial V. of the node N5 can be obtained using the output
potential V.. Accordingly, the potential V,. of the node
NS can be expressed as a function of the output potential
V.., by the following formula.

Vs =F(Vout) [FORMULA 1]

Electric charge Q, s of the node N5 can be expressed by
the following formula with the use of the potential V- of the
node NS, capacitance C,,. connected to the node N3, and a
constant (const). Here, the capacitance C,,; connected to the
node N3 1s the sum of the capacitance of the capacitor 802
and other capacitance.

Ons=Cls Vis+const [FORMULA 2]

Since a current I,,. tlowing at the node NS 1s obtained by
differentiating charge flowing to the node N5 (or charge
flowing from the node N5) with respect to time, the current
[ of the node NS 1s expressed by the following formula.

AQns [FORMUILA 3]

At

Cns -ﬂF(V{?HI)
At

Iys =

In this manner, the current I,,. of the node N5 can be
obtained from the capacitance C, . connected to the node N5
and the output potential V , . of the output terminal.

By the above method, 1t 1s possible to measure an ofl-state
current of a transistor.

In this embodiment, the transistor 804, the transistor 805,
the transistor 806, and the transistor 808 each of which has
a channel length L of 10 um and a channel width W of 50
um were prepared using a highly purified oxide semicon-
ductor. In the measurement systems 800 which are arranged
in parallel, the capacitances of the capacitors 802 were 100
tF, 1 pF, and 3 pF.

Note that in the measurement of this embodiment, V .
was 5V and V.. was 0 V. In the measurement period, V.
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was measured while the potential V; was basically set to V .
and changed to V,,, for 100 msec at intervals of 10 sec to
300 sec. Further, At which was used in calculation of a
current I which flows through the element was about 30000
SEC.

FIG. 9 shows the relation between the output potential
V,,.,and elapsed time Time 1n the current measurement. As
1s seen 1 FI1G. 9, the potential changes over time.

FIG. 10 shows the relation between source-drain voltage
V and the ofl-state current I at a room temperature (25° C.)
obtained by the above current measurement. It 1s found from
FIG. 10 that the off-state current 1s approximately 40 zA/um
(i.e., 4x107*° A/um) under the condition that the source-
drain voltage 1s 4 V. In addition, the off-state current 1s lower
than or equal to 10 zA/um (lower than or equal to 1x107>"
A/um) under the condition where the source-drain voltage 1s
3.1V.

Further, FIG. 11 shows the relation between the source-
drain voltage V and the off-state current I at 85° C. obtained
by the above current measurement. It 1s found from FIG. 11
that the ofl-state current 1s lower than or equal to 100 zA/um
(lower than or equal to 1x10™"” A/um) when the source-
drain voltage 1s 3.1 V.

As described above, it 1s confirmed from this embodiment
that the ofl-state current 1s suthiciently low in a transistor
including a highly purified oxide semiconductor
<Example of Circuit Operation>

Next, an operation of the control circuit 100 will be
described. In this embodiment, the description will be given
of a driving method in which the control circuit 100 outputs
a stable output signal 1in the case where a voltage of the
teedback signal FB output from the load 1s lower than a
predetermined voltage (voltage of the reference signal Ret).

The feedback signal FB 1s mnput to the AD converter 102
and then the AD converter 102 outputs a diflerence (voltage
difference) obtained by subtracting the voltage of the feed-
back signal FB from the voltage of the reference signal Ref,
as a digital signal. Since the voltage of the feedback signal
FB 1s lower than the voltage of the reference signal Ref at
this time, the AD converter 102 outputs a positive value
(Step 1).

Then, the output signal of the AD converter 102 1s input
to the arithmetic processing unit 104. The arithmetic pro-
cessing unit 104 adds the output signal of the AD converter
102 and an output signal of the register 106 and outputs the
resulting signal, and the resulting signal 1s retained in the
register 106 and the register 202. Since the output of the AD
converter 102 1s a positive value at this time, the output of
the arithmetic processing unit 104 1s 1increased (Step 2).

Next, the output signal of the arithmetic processing unit
104, which i1s retained 1n the register 202, 1s input to the
digital pulse width modulator 204 (Step 3).

Subsequently, the digital pulse width modulator 204
counts clock pulses of the clock generation circuit 206 from
one. In a period during which the count number 1s lower than
the value of the output signal of the arithmetic processing
umt 104 retained 1n the register 202, the digital pulse width
modulator 204 outputs an H-level signal (high level signal)
to the output terminal 230, whereas the digital pulse width
modulator 204 outputs an L-level signal (low level signal) to
the output terminal 230 when the count number 1s higher.
Since the value 1n the register 202 1s increased at this time,
a period during which an H-level signal 1s output extends;
thus, a period during which a switch illustrated 1n FIG. 3 1s
on extends, which results in an 1ncrease 1in power transmaitted
from a power supply to a load side through an inductor. As
the voltage of the load 1ncreases, the voltage of the feedback
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signal FB 1ncreases. When the clock pulses are further
counted so that the count number 1s higher than the prede-
termined value, the count number 1s reset to zero, the output
of the digital pulse width modulator 204 becomes an L level,
and the clock pulses are counted again from one (Step 4).

After that, loop processing of Steps 1 to 4 1s repeatedly
executed.

After repeating the loop processing, the whole control
circuit 100 enters a stationary state (Step 5).

When the whole control circuit 100 enters a stationary
state, 1n other words, when the voltages of the reference
signal Ret and the feedback signal FB of the control circuit
100 are the same, the output signal of the arithmetic pro-
cessing unit 104 becomes constant. Accordingly, the pro-
portion of a period during which an H-level signal i1s output
from the digital pulse width modulator 204 to the output
terminal 230 to a period during which an L-level signal 1s
output also becomes constant; thus, the control circuit 100
can output a stable output signal.

Then, the signal processing circuit 120 1s powered ofl
(Step 6).

When the signal processing circuit 120 1s powered ofl,
power consumption of the whole control circuit 100 can be
reduced. Since the output signal of the arithmetic processing,
unit 104 1s retained in the register 106 in which a transistor
having an extremely low ofl-state current 1s used, the output
signal of the control circuit 100 can be retained even when
the signal processing circuit 120 1s powered ofl. Note that
the output signal may be retained 1n a storage unit, 1nstead
of 1n the register 106, which includes a transistor having an
extremely low ofl-state current and 1s provided outside the
processor 150.

Next, the signal processing circuit 120 1s powered on, so
that the retained output signal 1s mput to the arithmetic
processing unit 104 in response to a signal from a control
portion and a stable output signal of the control circuit 100
1s output again.

In the case where the voltage of the feedback signal FB
output from the load 1s higher than the predetermined
voltage (voltage of the reference signal Ret), a voltage of the
output signal of the AD converter 102 1s a negative value.
When the output of the arithmetic processing unit 104 1s
reduced, a period during which an L-level signal 1s output
from the control circuit 100 extends; thus, a period during
which the switch illustrated 1n FIG. 3 1s on 1s shortened,
which results 1n a reduction 1n power transmitted from the
power supply to the load side through the inductor. As the
voltage of the load reduces, the voltage of the feedback
signal FB decreases.

As described above, when the output of the register 106
1s constant, the whole control circuit 100 can be 1n a
stationary state to output a stable output signal. In addition,
retaining the output signal of the AD converter 102 1n the
register 106 through the arithmetic processing unit 104
enables the operation of the signal processing circuit 120 to
be stopped; thus, power consumption of the whole control
circuit 100 can be reduced. Note that LED lighting, OLED
lighting, and the like which are operated at a constant
voltage and a constant current are exemplified as a load
included 1n the circuait.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other

embodiments.

Embodiment 2

In this embodiment, a control circuit 300 of one embodi-
ment of the present invention will be described with refer-

ence to FIG. 2.
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<Example of Circuit Configuration>

FIG. 2 1s a block diagram of the control circuit 300.

The control circuit 300 includes a signal processing
circuit 320 and a pulse width modulator 420. The signal
processing circuit 320 mcludes a Gm amplifier 302 and a
latch circuit 350. The latch circuit 350 includes a transistor
304, a gate mput terminal 306, and a phase compensation
holding circuit 370 which functions as both a holding circuit
and a phase compensation circuit. The pulse width modu-
lator 420 includes a comparator 402 and a triangle wave
generator 404.

The phase compensation holding circuit 370 includes a
capacitor 308 (first capacitor), a resistor 310, and a capacitor
312 (second capacitor).

A non-mnverting input terminal (hereinafter also referred
to as a positive terminal) of the Gm amplifier 302 1s
clectrically connected to a wiring from which a reference
signal Ref 1s output, and an inverting input terminal (here-
iafter also referred to as a negative terminal) 1s electrically
connected to a wiring from which a feedback signal FB
output from a load 1s output. An output signal of the Gm
amplifier 302 1s mput to one of a source and a drain of the
transistor 304. A gate of the transistor 304 1s electrically
connected to the gate mput terminal 306. The other of the
source and the drain of the transistor 304 1s electrically
connected to one terminal of the capacitor 308 1n the phase
compensation holding circuit 370, one terminal of the resis-
tor 310, and a non-inverting mput terminal (hereinatiter also
referred to as a positive terminal) of the comparator 402.
Note that LED lighting, OLED lighting, and the like which
are operated at a constant voltage and a constant current are
exemplified as a load included in the circuit.

The other terminal of the capacitor 308 1s grounded. The
other terminal of the resistor 310 1s electrically connected to
one terminal of the capacitor 312. The other terminal of the
capacitor 312 is grounded. A signal generated by the triangle
wave generator 404 1s mput to an mverting input terminal
(heremaftter also referred to as a negative terminal) of the
comparator 402. An output signal of the comparator 402 1s
input to an output terminal 430 (corresponding to GS 1n the
power supply circuit illustrated 1n FIG. 3) of the control
circuit 300.

The reference signal Ref 1s output from a reference
voltage generation circuit (not illustrated).

The Gm amplifier 302 increases a difference (voltage
difference) between the voltages of the reference signal Ref
and the feedback signal FB by a factor of Gm and outputs
the resulting diflerence as a current. Here, “Gm” 1s propor-
tional to the conductance (gm) of a transistor included in the
Gm amplifier 302.

The transistor 304 preferably has an extremely low ofl-
state current per channel width of lower than or equal to
1x10™" A/um. For example, a transistor whose channel
region 1s formed using an oxide semiconductor, which 1s a
wide band gap semiconductor, 1s preferably used.

The phase compensation holding circuit 370 has a func-
tion of retaining the output signal of the Gm amplifier 302
in the capacitor and a function of controlling a phase of the
output signal of the Gm amplifier 302. The phase of the
output signal 1s controlled by the phase compensation hold-
ing circuit 370, so that the output signal of the Gm amplifier
302, the output signal of the comparator 402, or the like 1s
prevented from oscillating, which enables the control circuit
300 to operate stably.

An output signal which 1s output from the Gm amplifier
302 and a phase of which 1s adjusted by the phase compen-
sation holding circuit 370 1s input to the positive terminal of
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the comparator 402, and a triangle or sawtooth wave signal
which 1s output from the triangle wave generator 404 1s input
to the negative terminal of the comparator 402. Further, the
comparator 402 generates a rectangular wave signal which
has a fixed output cycle and which has a pulse width varying,
in accordance with the level of a signal (voltage) input to the
positive terminal. Note that the comparator 402 generates
and outputs, as a rectangular wave, an H-level signal when
a voltage of a signal mput to the positive terminal 1s higher
than a voltage of a signal input to the negative terminal or
an L-level signal when the voltage of the signal input to the
positive terminal 1s lower than the voltage of the signal input
to the negative terminal. The rectangular wave signal output
from the comparator 402 1s input to the output terminal 430.
<Example of Circuit Operation>

Next, an operation of the control circuit 300 will be
described. In this embodiment, the description will be given
of a dnving method 1n which the control circuit 300 outputs
a stable output signal 1n the case where the voltage of the
teedback signal FB output from the load 1s higher than a
predetermined voltage (voltage of the reference signal Ref).

First, the transistor 304 1s turned on by a signal of the gate
input terminal 306.

After the feedback signal FB 1s input to the Gm amplifier
302, the Gm amplifier 302 increases a difference (voltage
difference) which 1s obtained by subtracting the voltage of
the feedback signal FB from the voltage of the reference
signal Ref by a factor of Gm and outputs the resulting
difference as a current. Since the voltage of the feedback
signal FB 1s higher than the voltage of the reference signal
Ref at this time, the Gm amplifier 302 outputs a negative
current (the current 1s mput from the phase compensation
holding circuit 370 to the Gm amplifier 302) (Step 1).

As the output signal (current) of the Gm amplifier 302
decreases, a voltage of the phase compensation holding
circuit 370 decreases, which leads to an increase 1n period
during which an output signal generated by the triangle
wave generator 404 1s higher than a voltage mput to the
positive terminal of the comparator 402; thus, the duty cycle
of a pulse wave 1s reduced (Step 2).

Here, the “duty cycle” means a ratio of an-H level period
to one cycle.

The reduction 1n duty cycle of a pulse wave, that 1s, a
reduction in period during which the comparator 402 outputs
an H-level signal to the output terminal 430 results 1n a
reduction 1n period during which the switch illustrated in
FIG. 3 1s on; thus, power transmitted from the power supply

to the load side through the inductor 1s reduced, and the
teedback signal FB 1s decreased (Step 3).

After that, loop processing of Steps 1 to 3 1s repeatedly
executed.

After repeating the loop processing, the whole control
circuit 300 enters a stationary state (Step 4).

When the whole control circuit 300 enters a stationary
state, 1n other words, when the voltages of the reference
signal Rel and the feedback signal FB of the control circuit
300 are the same, the output signal of the Gm amplifier 302
becomes constant. Accordingly, the proportion of a period
during which an H-level signal 1s output from the compara-
tor 402 to the output terminal 430 to a period during which
an L-level signal 1s output also becomes constant; thus, the
control circuit 300 can output a stable output signal.

When the whole control circuit 300 i1s brought into a
stationary state, the control circuit 300 can output a stable
output signal. Next, the transistor 304 1s turned ofl by the
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signal of the gate mput terminal 306, and the output signal
of the Gm amplifier 302 1s retained in the latch circuit 350
(Step 5).

The transistor 304 includes an oxide semiconductor 1n a
channel region. Since the ofl-state current of the transistor 1s
extremely low, a potential of the output signal of the Gm
amplifier 302 can be kept constant or almost constant by
turning off the transistor 304. Accordingly, accurate data can
be retained 1n the latch circuit 350.

Then, the signal processing circuit 320 1s powered off
(Step 6).

When the signal processing circuit 320 1s powered ofl,
power consumption of the whole control circuit 300 can be
reduced. Since the output signal of the Gm amplifier 302 1s
retained 1n the latch circuit 350, the output signal can be
retained even when the signal processing circuit 320 1s
powered ofl.

Next, the signal processing circuit 320 1s powered on, so
that the retained output signal 1s input to the comparator 402
and a stable output signal of the control circuit 300 1s output
again.

In the case where the voltage of the feedback signal FB
output from the load 1s lower than the predetermined voltage
(voltage of the reference signal Ret), the Gm amplifier 302
increases a difference (voltage difference) which 1s obtained
by subtracting the voltage of the feedback signal FB from
the voltage of the reference signal Ref by a factor of Gm and
outputs the resulting difference as a current, so that a period
during which the output signal generated by the triangle
wave generator 404 1s higher than the output signal of the
Gm amplifier 302 1s reduced (the duty cycle of a pulse wave
1s 1ncreased). Accordingly, a period during which the com-
parator 402 outputs an H-level signal to the output terminal
430 extends, which results 1n an increase in period during
which the switch illustrated in FIG. 3 1s on. Thus, power
transmitted from the power supply to the load side through
the inductor 1s increased and the voltage of the feedback
signal FB 1s 1ncreased.

As described above, the whole control circuit 300 can be
in a stationary state to output a stable output signal. In
addition, retaining the output signal of the Gm amplifier 302
in the latch circuit 350 enables the operation of the signal
processing circuit 320 to be stopped; thus, power consump-
tion of the whole control circuit 300 can be reduced. Note
that LED lighting and OLED lighting which are operated at
a constant voltage and a constant current are exemplified as
a load included 1n the circuait.

The structures, methods, and the like described 1n this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

Embodiment 3

In this embodiment, an example of a method for manu-
facturing a transistor that can be applied to the present
invention will be described with reference to FIG. 4 and
FIGS. 5A to 5D. FIG. 4 1llustrates an example of a schematic
cross-sectional structure of the transistor. In FIG. 4, a
transistor with a low ofl-state current i1s formed over a
transistor formed using a semiconductor substrate. Both or
one of a p-channel transistor and an n-channel transistor may
be provided 1n the semiconductor substrate.

After the transistor 1s formed using the semiconductor
substrate, the transistor with low ofl-state current 1s formed
thereover. In other words, the transistor with low ofi-state
current 1s formed over a semiconductor substrate 500 pro-
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vided with the transistor. As an example of the transistor
with low ofl-state current, there 1s a transistor including an
oxide semiconductor 1n a channel region.

The semiconductor substrate 300 includes high-concen-
tration 1mpurity regions 501 serving as a source region and
a drain region, low-concentration impurity regions 502, a
gate 1nsulating film 3503, a gate electrode 504, and an
interlayer msulating film 505 (see FIG. 4).

A transistor 5310 including an oxide semiconductor in a
channel region includes an oxide semiconductor film 3511
over the semiconductor substrate 500, a source electrode
512a and a drain electrode 5125 which are apart from each
other and 1n contact with the oxide semiconductor film 511,
a gate isulating film 513 over at least a channel region of
the oxide semiconductor film 511, and a gate electrode 5144
over the gate insulating film 513 so as to overlap with the
oxide semiconductor film 511 (see FIG. 5D). Note that
although not illustrated, the gate electrode 514a and an
clectrode 5146 are electrically connected to each other and
the gate electrode 504 and the electrode 5145 are electrically
connected to each other.

First, the oxide semiconductor film 511 1s formed over the
interlayer isulating film 505 (see FIG. 5A).

The terlayer insulating film 505 also functions as a base
insulating film for the oxide semiconductor film 511. As the
interlayer insulating film 505, for example, a single layer
selected from a silicon oxide film, a gallium oxide film, an
aluminum oxide film, a silicon nitride film, a silicon oxyni-
tride film, an aluminum oxymitride film, and a silicon nitride
oxide film or a stack of any of these films can be used.

Note that 1n this specification, “oxymtride’” such as silicon
oxynitride contains more oxygen than nitrogen, and “nitride
oxide” such as silicon nitride oxide contains more nitrogen
than oxygen.

The interlayer msulating film 5035 1s preferably formed
using an insulating film (oxygen supply film) from which
oxygen 1s released by heat treatment.

To released oxygen by heat treatment means that the
amount ol oxygen which 1s released by heating up to 520°
C. in thermal desorption spectroscopy (TDS) analysis and
converted 1nto oxygen atoms 1s greater than or equal to
1.0x10" atoms/cm’, preferably greater than or equal to
3.0x10"” atoms/cm”, further preferably greater than or equal
to 1.0x10°° atoms/cm>, still further preferably greater than
or equal to 3.0x10°° atoms/cm”.

Here, a method to measure the amount of released oxygen
using the TDS analysis 1s described.

The amount of released gas i the TDS analysis 1s
proportional to the area of a peak originating from 1ons of
the gas. Thus, the amount of the released gas can be
calculated from the ratio between the peak area of a sample
and that of a standard sample. The reference value of a
standard sample refers to the ratio of the density of an atom
contained 1n a sample to the area of the peak originating
from the 1ons of the released gas.

For example, the amount of released oxygen molecules
(N,,) from an msulating film can be found according to the
following formula with the TDS analysis results of a silicon
waler containing hydrogen at a known density which 1s the
standard sample and the TDS analysis results of the insu-
lating film which 1s the measurement sample. Here, all 10ons
having a mass-to-charge ratio (M/z) of 32 which are detected
by the TDS analysis are assumed to originate from an
oxygen molecule. Note that CH,OH, which 1s given as a
molecule having M/z of 32, can be 1gnored because 1t 1s
unlikely to be present. Further, an oxygen molecule includ-
ing an 1sotope of an oxygen atom having M/z of 17 or 18 1s
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not taken into consideration because the proportion of such
a molecule 1n the natural world 1s minimal

Ny
Nor» = — XS Xa
SH2

[FORMULA 4]

A value obtained by conversion of the amount of hydro-
gen molecules desorbed from the standard sample into
densities 1s denoted by N,,,. The peak area of the hydrogen
ion detected by using the standard sample 1s denoted by S,,,.
Here, N.,./S,,, 1s a reference value of the standard sample.
The peak area of the oxygen 1on detected by using the
insulating film 1s denoted by S,,. Further, a 1s a coetlicient
which imfluences spectrum intensity 1n the TDS analysis.

Refer to Japanese Published Patent Application No. HO6-
275697 for details of the above formula. Note that the
measurement can be carried out with a thermal desorption
spectrometer produced by ESCO Ltd., EMD-WA1000S5/W,
using a silicon wafer containing hydrogen atoms at 1x10"°
atoms/cm” as the standard sample, for example.

In the TDS analysis, oxygen 1s partly detected as an
oxygen atom. The ratio between oxygen molecules and
oxygen atoms can be calculated from the 1onization rate of
the oxygen molecules. Since the constant o includes the
ionization rate of the oxygen molecules, the amount of the
released oxygen atoms can also be estimated from the
amount of the released oxygen molecules.

Note that N, 1s the amount of the released oxygen
molecules. The amount of the released oxygen converted
into oxygen atoms 1s twice the number of the released
oxygen molecules.

In the case where the hydrogen concentration in an
oxygen supply film is 7.2x10°” atoms/cm” or higher, varia-
tions 1n 1nitial characteristics of transistors are increased, an
L. length dependence of electrical characteristics of a tran-
sistor 1s increased, and a transistor 1s significantly degraded
by external stress; thus, the hydrogen concentration in the
insulating film as an oxygen supply film 1s preferably
controlled to be lower than 7.2x10°° atoms/cm’. Note that
the hydrogen concentration in the oxide semiconductor film
is preferably lower than or equal to 5x10"” atoms/cm”.

The use of an oxygen supply film allows the oxide
semiconductor film to have a stoichiometric composition or
a nearly stoichiometric composition. For example, in the
case where the stoichiometric composition of the oxide
semiconductor film 1s In:Ga:Zn:0=1:1:1:4 [atomic ratio],
the ratio of oxygen atoms in the IGZO can be 4 or larger.

The interlayer msulating film 505 may be formed by a
sputtering method, a CVD method, or the like and 1s
preferably formed by a sputtering method. In the case where
a silicon oxide film 1s formed as the interlayer insulating film
505, a quartz (preferably synthetic quartz) target may be
used as a target, and an argon gas may be used as a sputtering
gas. Alternatively, a silicon target may be used as a target,
and a gas containing oxygen may be used as a sputtering gas.
Note that the gas containing oxygen may be a mixed gas of
an argon gas and an oxygen gas or may be an oxygen gas
alone.

Between the formation of the interlayer mnsulating film
505 and the formation of the oxide semiconductor film 511,
first heat treatment 1s performed. The first heat treatment 1s
performed to remove water and hydrogen contained 1n the
interlayer insulating film 5035. The temperature of the first
heat treatment may be set higher than or equal to a tem-
perature at which water and hydrogen contained in the
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interlayer imsulating film 505 are released (a temperature at
which the release amount peaks) and lower than a tempera-
ture at which the semiconductor substrate 500 changes in
property or deforms, and 1s set higher than or equal to 400°
C. and lower than or equal to 750° C., and lower than a
temperature of second heat treatment performed in a later
step, for example.

The second heat treatment 1s performed after the oxide
semiconductor film 511 1s formed. The second heat treat-
ment 1s performed to supply oxygen to the oxide semicon-
ductor film 511 from the interlayer insulating film 505 which
serves as a source of oxygen. Note that the timing of the
second heat treatment 1s not limited thereto, and the second
heat treatment may be performed after the oxide semicon-
ductor film 511 1s processed.

Note that 1t 1s preferable that the second heat treatment be
performed 1n a nitrogen gas atmosphere or a rare gas
atmosphere including helium, neon, argon, or the like, which
does not contain hydrogen, water, a compound containing a
hydroxyl group, a hydride, and the like. Alternatively, the
purity of the above gas 1s preferably set to 6N (99.9999%)
or more, more preferably 7N (99.99999%) or more (1.€., the
impurity concentration 1s 1 ppm or less, preferably 0.1 ppm
or less).

In some cases, the oxide semiconductor film 511 may be
crystallized into a microcrystalline oxide semiconductor
layer or a polycrystalline oxide semiconductor layer,
depending on the conditions of the second heat treatment or
the material of the oxide semiconductor film 511. For
example, the oxide semiconductor film 511 may be crystal-
lized into a microcrystalline oxide semiconductor layer
having a degree of crystallization of greater than or equal to
90%, or greater than or equal to 80%. On the contrary, the
oxide semiconductor film 511 may be an amorphous oxide
semiconductor layer without a crystalline component. The
oxide semiconductor film 511 may be an amorphous oxide
semiconductor layer contaiming microcrystals (having a
crystal grain size of 1 nm to 20 nm).

For the oxide semiconductor film 511, for example, an
In-M-Zn—O-based material may be used. Here, a metal
clement M 1s an element whose bond energy with oxygen 1s
higher than that of In and that of Zn. Alternatively, M 1s an

clement which has a function of suppressing elimination of

oxygen from the In-M-Zn—O-based material. Owing to the
cllect of the metal element M, generation of oxygen vacan-
cies 1n the oxide semiconductor film 1s suppressed. Thus,
change 1n electrical characteristics of the transistor, which 1s
caused by oxygen vacancies, can be reduced; accordingly, a
highly reliable transistor can be obtained.

The metal element M can be, specifically, Al, Sc, 11, V, Cr,
Mn, Fe, Co, N1, Ga, Y, Zr, Nb, Mo, Sn, La, Ce, Pr, Nd, Sm,
Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Hi, Ta, or W, and 1s
preferably Al, 'T1, Ga, Y, Zr, Ce, or HE The metal element M
can be formed using one or more elements selected from the
above elements. Further, Ge can be used instead of the metal
clement M.

Here, an 1increase in concentration of In 1n an oxide
semiconductor including In, M, Zn, and O leads to an
increase in carrier mobility and the carrier density, resulting
in the formation of an oxide semiconductor having higher
conductivity.

A structure of an oxide semiconductor film 1s described
below. An oxide semiconductor film 1s classified roughly
into a single-crystal oxide semiconductor film and a non-
single-crystal oxide semiconductor film. The non-single-
crystal oxide semiconductor film includes an amorphous
oxide semiconductor film, a microcrystalline oxide semi-
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conductor film, a polycrystalline oxide semiconductor film,
a c-axis aligned crystalline oxide semiconductor (CAAC-
OS) film, and the like.

The amorphous oxide semiconductor film has disordered
atomic arrangement and no crystalline component. A typical
example thereof 1s an oxide semiconductor film 1n which no
crystal part exists even in a microscopic region, and the
whole of the film 1s amorphous.

The microcrystalline oxide semiconductor film includes a
microcrystal (also referred to as nanocrystal) greater than or
equal to 1 nm and less than 10 nm, for example. Thus, the
microcrystalline oxide semiconductor film has a higher
degree of atomic order than the amorphous oxide semicon-
ductor film. Hence, the density of defect states of the
microcrystalline oxide semiconductor film 1s lower than that
of the amorphous oxide semiconductor film.

The CAAC-0OS film 1s one of oxide semiconductor films
including a plurality of crystal parts, and most of the crystal
parts each {it inside a cube whose one side 1s less than 100
nm. Thus, there 1s a case where a crystal part included 1n the
CAAC-OS film fits 1inside a cube whose one side 1s less than
10 nm, less than 5 nm, or less than 3 nm. The density of
defect states of the CAAC-OS film 1s lower than that of the
microcrystalline oxide semiconductor film. The CAAC-OS
film 1s described 1n detail below.

In a transmission electron microscope (IEM) image of
the CAAC-OS film, a boundary between crystal parts, that
1s, a grain boundary 1s not clearly observed. Thus, in the
CAAC-OS film, a reduction 1n electron mobility due to the
grain boundary 1s less likely to occur.

According to the TEM mmage of the CAAC-OS film
observed 1n a direction parallel to a sample surface (cross-
sectional TEM 1mage), metal atoms are arranged in a layered
manner in the crystal parts. Each metal atom layer has a
morphology retlected by a surface over which the CAAC-
OS film 1s formed (hereinafter, a surface over which the
CAAC-OS film 1s formed 1s referred to as a formation
surface) or a top surface of the CAAC-OS film, and 1s
arranged 1n parallel to the formation surface or the top
surface of the CAAC-OS film.

On the other hand, according to the TEM 1mage of the
CAAC-0OS film observed 1n a direction perpendicular to the
sample surface (plan TEM 1mage), metal atoms are arranged
in a triangular or hexagonal configuration i1n the crystal
parts. However, there 1s no regularity of arrangement of
metal atoms between different crystal parts.

From the results of the cross-sectional TEM 1image and the
plan TEM 1mage, alignment i1s found in the crystal parts in
the CAAC-OS film.

Structural analysis of a CAAC-OS film with an X-ray
diffraction (XRD) apparatus demonstrates that, when the
CAAC-OS film such as that including an InGaZnO,, crystal
1s analyzed by an out-of-plane method, a peak appears
frequently at a diffraction angle (20) of around 31°. This
peak 1s derived from the (009) plane of the InGaZnO,
crystal, which indicates that crystals in the CAAC-OS film
have c-axis alignment, and that the c-axes are aligned 1n a

direction perpendicular to the formation surface or the top
surtace of the CAAC-OS film.

On the other hand, when the CAAC-OS film 1s analyzed
by an in-plane method 1n which an X-ray enters a sample in
a direction perpendicular to the c-axis, a peak appears
frequently when 20 1s around 56°. This peak 1s derived from
the (110) plane of the InGaZnO, crystal. Here, analysis (O
scan) 1s performed under conditions where the sample 1s
rotated around a normal vector of a sample surface as an axis
(0 axis) with 20 fixed at around 56°. In the case where the
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sample 1s a single-crystal oxide semiconductor film of
InGaZnQ,, s1x peaks appear. The six peaks are derived from
crystal planes equivalent to the (110) plane. On the other
hand, 1n the case of a CAAC-OS film, a peak 1s not clearly
observed even when 0 scan 1s performed with 20 fixed at
around 56°.

According to the above results, 1n the CAAC-OS {ilm
having c-axis alignment, while the directions of a-axes and
b-axes are different between crystal parts, the c-axes are
aligned 1n a direction parallel to a normal vector of a
formation surface or a normal vector of a top surface. Thus,
cach metal atom layer arranged in a layered manner
observed 1n the cross-sectional TEM 1mage corresponds to
a plane parallel to the a-b plane of the crystal.

Note that the crystal part 1s formed concurrently with
deposition of the CAAC-OS film or 1s formed through
crystallization treatment such as heat treatment. As
described above, the c-axis of the crystal 1s aligned 1n a
direction parallel to a normal vector of a formation surface
or a normal vector of a top surface. Thus, for example, 1n the
case where a shape of the CAAC-OS film 1s changed by
ctching or the like, the c-axis might not be necessarily
parallel to a normal vector of a formation surface or a normal
vector of a top surface of the CAAC-OS film.

Further, the degree of crystallinity in the CAAC-OS film
1s not necessarily uniform. For example, 1n the case where
crystal growth leading to the CAAC-OS film occurs from
the vicinity of the top surface of the film, the degree of the
crystallinity 1n the vicinity of the top surface 1s higher than
that 1n the vicinity of the formation surface in some cases.
Further, when an impurity 1s added to the CAAC-OS film,
the crystallinity 1n a region to which the impurity 1s added
1s changed, and the degree of crystallinity in the CAAC-OS
film varies depending on regions.

Note that when the CAAC-OS film with an InGaZnO,
crystal 1s analyzed by an out-of-plane method, a peak of 20
may also be observed at around 36°, in addition to the peak
of 20 at around 31°. The peak of 20 at around 36° indicates
that a crystal having no c-axis alignment 1s included in part
of the CAAC-OS film. It 1s preferable that in the CAAC-OS
film, a peak of 20 appear at around 31° and a peak of 20 do
not appear at around 36°.

In a transistor using the CAAC-OS film, change 1n electric
characteristics due to irradiation with visible light or ultra-
violet light 1s small. Thus, the transistor has high reliability.

Note that an oxide semiconductor film may be a stacked
film including two or more films of an amorphous oxide
semiconductor {ilm, a microcrystalline oxide semiconductor
film, and a CAAC-OS f{ilm, for example.

The oxide semiconductor film immediately after being
formed 1s preferably 1n a state in which the proportion of
oxygen 1s higher than that 1n the stoichiometric composition.
For example, when the oxide semiconductor film 1s formed
by a sputtering method, 1t 1s preferable that the film be
formed 1n a deposition gas containing a high percentage of
oxygen, and 1t 1s especially preferable that the film be
formed under an oxygen atmosphere (oxygen gas: 100%).
When the film 1s formed under such conditions, release of
/n from the film can be suppressed even when the film
formation temperature 1s higher than or equal to 300° C., for
example.

Note that the oxide semiconductor film 511 may have a
structure 1n which a plurality of oxide semiconductor films
1s stacked. For example, the oxide semiconductor film 3511
may be a stack of a first oxide semiconductor film and a
second oxide semiconductor film that are formed using
metal oxides with different compositions. For example, the
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first oxide semiconductor film may be formed using a
three-component metal oxide, and the second oxide semi-
conductor film may be formed using a two-component metal
oxide. Alternatively, for example, both the first oxide semi-
conductor film and the second oxide semiconductor film
may be formed using a three-component metal oxide.

Further, it 1s possible that the constituent elements of the
first oxide semiconductor film and the second oxide semi-
conductor film are the same and the compositions of the
constituent elements of the first oxide semiconductor film
and the second oxide semiconductor film are different. For
example, the first oxide semiconductor film may have an
atomic ratio of In:Ga:Zn=1:1:1, and the second oxide semi-
conductor film may have an atomic ratio of In:Ga:Zn=3:1:2.
Alternatively, the first oxide semiconductor film may have
an atomic ratio of In:Ga:Zn=1:3:2, and the second oxide
semiconductor film may have an atomic ratio of In:Ga:
/n=2:1:3.

In an oxide semiconductor, the s orbital of heavy metal
mainly contributes to carrier transier, and when the In
content 1n the oxide semiconductor 1s increased, overlap of
the s orbitals 1s likely to be increased. Thus, an oxide having
a composition where In>Ga has higher mobility than an
oxide having a composition where In=Ga. Further, Ga
requires larger energy to form an oxygen vacancy than In;
thus, an oxide having a composition where In=Ga does not
tend to form an oxygen vacancy and has stable character-
istics as compared with an oxide having a composition
where In>Ga.

Therefore, it 1s possible to improve mobility and reliabil-
ity of a transistor by employing a structure 1n which an oxide
semiconductor film closer to the gate electrode (on a channel
side) contains In and Ga at a proportion satisiying In>Ga and
an oxide semiconductor film farther from the gate electrode
(on a back channel side) contains In and Ga at a proportion
satisiying In=Ga.

Further, oxide semiconductors having different crystallin-
ity may be used for the first oxide semiconductor film and
the second oxide semiconductor film. That 1s, two of a single
crystal oxide semiconductor, a polycrystalline oxide semi-
conductor, an amorphous oxide semiconductor, and a
CAAC-0OS film may be combined as appropriate. When an
amorphous oxide semiconductor 1s used for at least one of
the first oxide semiconductor film and the second oxide
semiconductor film, stress of the oxide semiconductor film
511 1s relieved, variation 1n characteristics of a transistor 1s
reduced, and reliability of the tramsistor can be further
improved.

On the other hand, an amorphous oxide semiconductor 1s
likely to absorb an impurity which serves as a donor, such
as hydrogen, and an oxygen vacancy is likely to be gener-
ated; thus, an amorphous oxide semiconductor easily
becomes n-type. For this reason, it 1s preferable to use an
oxide semiconductor having crystallinity such as a CAAC-
OS film for the oxide semiconductor film on the channel
side.

Further, the oxide semiconductor film 511 may have a
stacked-layer structure of three or more layers 1n which an
amorphous oxide semiconductor {film 1s sandwiched
between plural crystalline oxide semiconductor films. Fur-
thermore, a structure 1n which a crystalline oxide semicon-
ductor {ilm and an amorphous oxide semiconductor film are
alternately stacked may be employed.

In the case where the oxide semiconductor film 511 has a
stacked-layer structure of a plurality of layers, oxygen may
be added each time the oxide semiconductor film 1s formed.
For addition of oxygen, heat treatment in an oxygen atmo-
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sphere, an 1on implantation method, an 1on doping method,
a plasma 1immersion 10n implantation method, plasma treat-
ment performed 1n an atmosphere containing oxygen, or the
like can be employed.

Oxygen 1s added each time the oxide semiconductor film
1s formed, whereby an eflect of reducing oxygen vacancies
in the oxide semiconductor can be enhanced.

Next, the source electrode 512a and the drain electrode
5126 which are apart from each other are formed on the
oxide semiconductor film 511 (see FIG. 5B).

The source electrode 512a and the drain electrode 51256
may be formed in such a manner that, for example, a
conductive film (e.g., a metal film or a silicon film to which
an 1mpurity element imparting conductivity 1s added) 1is
formed by a sputtering method, an etching mask 1s formed
over the conductive film, and etching i1s performed. Alter-
natively, an ink-jet method may be used. Note that the
conductive film to be the source electrode 512a and the drain
clectrode 5126 may be formed by using a single layer or by
stacking a plurality of layers. For example, the conductive
f1lm may be formed to have a three-layer structure in which
an Al layer 1s sandwiched between Ti layers.

Next, the gate insulating film 313 1s formed over at least
the channel region of the oxide semiconductor film 511, and
alter the gate msulating film 513 1s formed, an opening is
formed (see FIG. 5C). The opening 1s formed so as to
overlap with the gate electrode 504.

The gate imsulating film 513 may be formed using an
insulating material (e.g., silicon nitride, silicon nitride oxide,
silicon oxynitride, silicon oxide, or the like) by a method
employing high-density plasma, for example. Note that the
gate 1nsulating film 513 may be formed by using a single
layer or by stacking a plurality of layers. Here, the gate
insulating film 513 1s formed to have a two-layer structure
in which a silicon oxynitride layer 1s stacked over a silicon
nitride layer. By using high-density plasma, plasma damage
to the gate msulating film 513 can be reduced. Thus, the
deficiencies resulting from dangling bonds 1n the gate 1nsu-
lating film 3513 can be reduced, so that the interface with an
oxide semiconductor formed later can be highly favorable.

In addition, the gate insulating film 513 1s preferably an
insulating oxide film because oxygen vacancies can be filled
with oxygen by supplying oxygen to the channel region.
Particularly, the gate msulating film 313 is preferably
formed using an nsulating oxide from which part of oxygen
1s released by heating. In other words, the materials given as
examples of the material of the interlayer insulating film 503
are preferably used. When the portion of the gate msulating
film 513 which 1s 1 contact with the oxide semiconductor
film 511 1s formed using silicon oxide, for example, oxygen
can be diffused into the oxide semiconductor film 511 and a
reduction in resistance of the transistor can be prevented.

Note that the gate insulating film 513 may be formed
using a high-k material such as hatnium silicate (H151,0,
(x>0, y>0)), hatmum silicate (Hf51,0,, (x>0, y>0)) to which
nitrogen 1s added, hatnium aluminate (HfAL O, (x>0, y>0))
to which nitrogen 1s added, hainium oxide, yttrium oxide, or
lanthanum oxide so that a gate leakage current can be
reduced. Here, the gate leakage current refers to a leakage
current which flows between a gate electrode and a source
or drain electrode. Further, a layer formed using the high-k
material and a layer formed using silicon oxide, silicon
oxynitride, silicon nitride, silicon nitride oxide, aluminum
oxide, aluminum oxynitride, or gallium oxide may be
stacked. Note that even 1n the case where the gate insulating

10

15

20

25

30

35

40

45

50

55

60

65

20

film 513 has a stacked-layer structure, the portion 1n contact
with the oxide semiconductor film 511 1s preferably formed
using an insulating oxide.

The gate insulating film 513 may be formed by a sput-
tering method. The thickness of the gate insulating film 513
may be greater than or equal to 1 nm and less than or equal
to 300 nm, preferably greater than or equal to 5 nm and less
than or equal to 50 nm. When the thickness of the gate
insulating film 513 1s greater than or equal to 5 nm, the gate
leakage current can be particularly reduced.

In addition, third heat treatment (preferably at a tempera-
ture higher than or equal to 200° C. and lower than or equal
to 400° C., for example, at a temperature higher than or
equal to 250° C. and lower than or equal to 350° C.) may be
performed 1n an inert gas atmosphere or an oxygen gas
atmosphere. By the third heat treatment, hydrogen or mois-
ture remaining in the oxide semiconductor film 511 can be
diffused into the gate insulating film 3513. Furthermore,
oxygen can be supplied to the oxide semiconductor film 511
from the gate mnsulating film 513.

The third heat treatment may be performed not only after
the gate insulating film 513 i1s formed over the oxide
semiconductor film 511 but also after the gate electrode
514a and a conductive film to be the electrode 5145 are
formed.

Next, a conductive film 1s formed over the gate insulating
film 3513, an etching mask 1s formed over the conductive
{1lm, and etching 1s performed, whereby the gate electrode
514a and the electrode 5145 are formed (see FIG. 5D).

The gate electrode 514a and the electrode 5145 may be
formed using a material and a method which are simailar to
those for the source electrode 512a and the drain electrode
512b.

In the above-described manner, a transistor whose chan-
nel region 1s formed using an oxide semiconductor can be
manufactured over a transistor formed using a semiconduc-
tor substrate as illustrated 1n FIG. 4.

The structures, methods, and the like described 1n this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

This application 1s based on Japanese Patent Application
serial no. 2012-105233 filed with Japan Patent Office on
May 2, 2012, the entire contents of which are hereby
incorporated by reference.

What 1s claimed 1s:

1. A control circuit comprising:

a signal processing circuit which comprises:

an analog-to-digital converter configured to be supplied
with a reference signal and a feedback signal which
1s output from a load,

an arithmetic processing unit electrically connected to
the analog-to-digital converter; and

a first register electrically connected to the arithmetic
processing unit,

wherein the first register 1s configured to retain a signal

output from the anthmetic processing unit,
wherein the first register comprises a transistor compris-
ing an oxide semiconductor 1n a channel region, and

wherein the control circuit 1s configured to stop supply of
a power supply potential to the signal processing circuit
when voltages of the reference signal and the feedback
signal are the same.

2. The control circuit according to claim 1, further com-
prising a pulse width modulator electrically connected to the
arithmetic processing unit,

wherein the pulse width modulator comprises:
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a digital pulse width modulator which 1s electrically
connected to the arithmetic processing unit and com-
prises a second register; and

a clock generation circuit electrically connected to the
digital pulse width modulator.

3. The control circuit according to claim 2,

wherein the pulse width modulator 1s configured to retain
the signal output from the anithmetic processing unit 1n
the second register and to output one of a high level
signal and a low level signal depending on a count
number of a clock pulse output from the clock genera-
tion circuit.

4. An electronic device comprising:

the control circuit according to claim 2;

a switch comprising a gate, a source, and a drain; and

the load electrically connected to one of the source and the
drain of the switch,

wherein the gate of the switch 1s electrically connected to
the pulse width modulator.

5. The electronic device according to claim 4,

wherein the load 1s selected from light emitting diode
lighting and organic light emitting diode lighting.

6. The electronic device according to claim 4, wherein:

the analog-to-digital converter 1s configured to output a
signal corresponding to a diflerence 1n voltage between
the reference signal and the feedback signal to the
arithmetic processing unit; and

the signal output from the arithmetic processing unit
corresponds to a summation of the signal output from

the analog-to-digital converter and a signal output from
the first register.
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7. A method for driving an electronic device, the method

comprising;

inputting, to an analog-to-digital converter, a reference
signal and a feedback signal which 1s output from a

load;

inputting a first signal corresponding to a difference 1n
voltage between the reference signal and the feedback
signal to an arithmetic processing unit from the analog-
to-digital converter;

inputting a third signal to a second register included 1n a
digital pulse width modulator from the arithmetic pro-
cessing unit where the third signal 1s a summation of
the first signal and a second signal 1mput to the arith-
metic processing unit from a first register;

outputting one of a high level signal and a low level signal
from the digital pulse width modulator depending on a
count number of a clock pulse which 1s mput to the
digital pulse width modulator from a clock generation
circuit;

retaining the third signal in the first register; and

turning ofl a signal processing circuit which includes the
analog-to-digital converter, the arithmetic processing
unit, and the first register.

8. The method according to claim 7,

wherein the first register comprises a transistor whose
channel region comprises an oxide semiconductor.

9. The method according to claim 7,

wherein the one of the high level signal and the low level
signal 1s mput to a gate of a switch, and

wherein one of a source and a drain of the switch 1s
clectrically connected to the load.
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